Using classical molecular dynamics, we have simulated the sticking and scattering process of a hydrogen atom on an amorphous ice film to predict the sticking probability of hydrogen on ice surfaces. A wide range of initial kinetic energies of the incident hydrogen atom (10 K-600 K) and two different ice temperatures (10 K and 70 K) were used to investigate this fundamental process in interstellar chemistry. We report here the sticking probability of atomic hydrogen as a function of incident kinetic energy, gas temperature, and substrate temperature, which can be used in astrophysical models. The current results are compared to previous theoretical and experimental studies that have reported a wide range in the sticking coefficient.
INTRODUCTION
Gas-phase and gas-grain chemical networks have been invoked to explain the formation mechanisms of over 140 molecules (e.g., Garrod et al. 2008; Millar et al. 1991; Herbst et al. 1977 ) that have been observed in the molecular clouds of the interstellar medium (ISM). Molecular hydrogen is one of the most important molecules in this network and is a precursor to a number of molecules found in the ISM. The observable abundance of molecular hydrogen in the ISM cannot be entirely explained from gas-phase reactions (Glover 2003) , and hence the study of H 2 formation via gas-grain processes has key astrophysical applications. There is continued interest (Le Bourlot et al. 2012; Iqbal et al. 2012 ) to study and understand the interaction of hydrogen atoms on grain surfaces to explain H 2 formation using both theoretical and experimental methods. One of the fundamental steps in the H 2 formation process is the sticking of atomic hydrogen onto the grains, and this depends strongly on the ability of the H atom to stick on dust surfaces (Cazaux et al. 2011) . Dense molecular clouds in cold regions of the ISM have dust grains covered by layers of ice (Hollenbach et al. 2009) , with a of thickness about 0.1 μm, that act as a surface for the H 2 formation process. Hollenbach & Salpeter (1970) studied the surface adsorption of gas atoms on a crystal surface and found quantum mechanical solutions. The sticking coefficient S(T) for incident gas atoms was defined as
where P( ) is the adsorption or sticking probability, T is the gas temperature, and γ ≡ E c /kT . The variable is defined as = E i /E c , where E i is the incident particle energy, E c = Ω(DΔE s ) 1/2 , and ΔE s is the energy transferred in a single collision. The parameter D is the well depth of the adsorption potential, and Ω 2 is close to unity for Lambert's law and equals two for isotropic scattering. Equation (1) can be approximated as S(T ) ≈ (γ 2 + 0.8γ 3 )/(1 + 2.4γ + γ 2 + 0.8γ 3 ),
where γ is dependent on the incident atom or molecule species and the type of grain surface. This approximation is often used in astrophysical models, though experiments suggest (Manico et al. 2001 ) that it underestimates the sticking of atomic hydrogen on interstellar ice grains. Following the seminal work of Hollenbach & Salpeter (1970) , there were more specific studies involving amorphous water ice and H atoms using both computational and experimental methods to simulate the conditions in the ISM. studied the sticking of H and D atoms on a cluster of amorphous water ice consisting of 115 water molecules using the classical molecular dynamics (MD) method. A larger system with an amorphous water-ice slab of 1000 water molecules was studied in MD simulations by Masuda et al. (1998) to find the sticking and mobility of H atoms on ice. Al-Halabi et al. (2002) and Al-Halabi & van Dishoeck (2007) performed MD simulations to study the sticking of atomic hydrogen on crystalline and amorphous surfaces, respectively. Experiments carried out by Manico et al. (2001) , Hornekaer et al. (2003) , and Watanabe et al. (2010) observed H 2 formation on ice surfaces and measured the recombination energy. The sticking coefficient of atomic hydrogen on interstellar ices was then indirectly estimated using the recombination energy from the H 2 formation process.
The sticking of atomic hydrogen on interstellar dust grains leads to the formation of molecular hydrogen via three known mechanisms. In the Eley-Rideal mechanism (Eley 1941) , an impinging hydrogen atom directly hits a hydrogen atom that is already on the surface and forms H 2 . The Langmuir-Hinshelwood (LH) mechanism (Hinshelwood 1930; Langmuir 1922) involves two hydrogen atoms already on the dust surface diffusing some distance on it before reacting to form H 2 . In the hot-atom mechanism (Harris & Kasimo 1981) , an impinging hydrogen atom travels at hyperthermal energy before hitting an already adsorbed atom to form H 2 and then is trapped on the dust surface. In all of these mechanisms of H 2 formation, one or more hydrogen atoms reside on the dust surface for some time before the hydrogen atoms recombine to form H 2 . Thus, studying the sticking probability of atomic hydrogen is an important part of understanding the H 2 formation on dust and ice grains in the ISM.
Most astrophysical models assume the sticking coefficient for various atoms and molecules to be either one or 0.5 (Le Bourlot 2000). In some analytical models (Le Bourlot et al. 2012) , the sticking coefficient decreases as 1/ √ T for gas temperatures above 10 K and a sticking coefficient of one at 10 K is used. While this approximation works well for low gas and grain temperatures, we will show that it underestimates sticking at higher gas temperatures and it neglects the dependence on grain temperature. In the present study, we carry out extensive MD simulations to predict the sticking probability of atomic hydrogen on an amorphous water-ice slab, for a wide range of H atom incident kinetic energies, 10 K-600 K, and two different grain temperatures, 10 K and 70 K. We also address the wide range of values in the calculated and measured sticking probability in the various computational and experimental studies mentioned above. Section 2 explains the methodology we have used for studying this system, while the results of our simulations are presented in Section 3. A discussion and comparison of our results with previous studies is given in Section 4.
METHODOLOGY
We study the dynamical interactions of a hydrogen atom with an amorphous ice substrate using classical MD simulations (Allen & Tildesley 1987 and references therein) . Although this method treats the motion of atoms and molecules classically, it nevertheless has provided excellent results and predictions in the field of physical chemistry and continues to be an important computational tool to study many complex systems, including surface processes. In the context of gas-grain interactions in astrophysics, MD has been used extensively to simulate different ice and grain surfaces and then to study the interactions of these surfaces with atoms and molecules (Kroes & Clary 1992; Andersson et al. 2006) . These classical trajectory calculations have provided insight into the various grain-mediated mechanisms that are involved in the physics of the ISM.
The MD technique involves numerically integrating Newton's equations of motion for a system consisting of many interacting particles. The positions, velocities, and forces on each atom in the system are dynamically calculated at each step of the simulation as a function of time. For a solid-state or molecular system, this involves computing the forces on each atom, which in turn are calculated from the potential energy. For nonspherical systems including rigid molecules, which have rotational degrees of freedom, the rotational equations of motion are also solved. Pairwise potentials governing the particle interactions are generally deduced from high-level quantum chemical calculations for a single pair of particles. From these potentials, an interaction force field is obtained, which is then used in MD simulations to solve the equations of motion. The set of coupled differential equations is solved by numerical integration methods, such as the Verlet algorithm. Bonded molecular systems introduce constraints on the coordinates resulting in constraint forces. These constraints are satisfied exactly at the end of each time step in the simulations using schemes like SHAKE (Allen & Tildesley 1987) . While MD simulations are most naturally carried out for a microcanonical ensemble (NVE), simulations for a canonical ensemble (NVT) or an isobaric isothermal ensemble (NPT) are made possible using numerical thermostat and barostat techniques.
For the current study, we used two different interaction potentials, one to model the water-water interaction in order to simulate the amorphous water-ice substrate and another to model the hydrogen-water interaction in order to study the sticking dynamics of a hydrogen atom on the ice surface. The initial positions and velocities of the water molecules were randomly assigned, and the leap-frog algorithm was used to calculate these variables as the simulation evolved over time. The initial speed of the H atom is set by the incident kinetic energy and its incident direction of motion and initial xy coordinates are chosen at random. An NVT simulation is used to simulate the water-ice slab at the desired temperature, and then NVE simulations were performed after the H atom was introduced.
Simulation of Amorphous Water Ice
Dust in the ISM may consist of silicate grains, carbon grains, or often a grain covered with multiple layers of amorphous water ice. The average grain size of a dust particle is around 0.1 μm, though there is a large variation in the size and density of the dust particles present in the ISM. Surface interactions between an accreting hydrogen atom and amorphous water ice result in physisorption, as the chemical reaction between the grain and the impinging atom are not considered. Thus, to understand the atomic sticking process on ice-clad interstellar dust, we need to study the various physical processes of an accreting atomic species on the surface of amorphous water ice.
To simulate the grain surface, we have constructed an amorphous water-ice slab, which is a good model for studying surface interactions. The interaction potential used for a pair of water molecules is the transferable intermolecular potential (TIP4P) model (Jorgenson 1982) , which was also adopted in most earlier simulations of water ice. This model consists of a Lennard-Jones (LJ; Lennard-Jones & Devonshire (1936) ) site at the oxygen atom and three charge sites: a positive charge on each of the hydrogen atoms and a negative charge on the H-O-H molecular angle bisector, 0.15 Å from the oxygen atom. The potential is given by
where r is the distance between two oxygen atoms, r ij is the distance between positions i and j; where i and j each run over the three charge positions on each of the two interacting To generate a slab of amorphous ice, we use 1000 water molecules in a simulation box, with periodic boundary conditions in the x, y, and z directions to emulate an infinite surface. The dimensions of the simulation box are 40 Å × 40 Å × 40 Å and the coordinates of the water molecules are randomly chosen within a region of dimension 40 Å × 40 Å × 20 Å. The restriction on the initial z coordinate is designed to break the symmetry in the z direction. This asymmetry helps in the formation of the slab structure instead of a cube structure, leaving an empty space of 10 Å on each side of the slab in the z direction. Once the random initial coordinates and velocities of the water molecules are set, the equations of motion are solved using the leap-frog algorithm. The water molecules are treated as rigid, and hence the constraint forces are satisfied using the SHAKE algorithm. A 10 Å cut-off for the coulomb interaction was used, and Ewald summation was performed to calculate the long-range electrostatics. The system was allowed to evolve for 150 ps at a constant temperature of 300 K using a simple velocity rescaling, and then sequentially cooled to 200 K, to 100 K, and finally to 10 K. At each of these steps the system was run for 150 ps, and the system was allowed to run in NVE for 50 ps before carrying out the next temperature scaling. The sequential procedure described above was also carried out to produce an ice slab at an end temperature of 70 K. Once the ice slabs were generated, the periodic boundary condition on the z direction of the slab was removed for the H-ice simulations so as to avoid the possibility of a scattered hydrogen atom re-entering the simulation box multiple times. For a fixed slab temperature, the same ice slab with identical initial H 2 O positions and velocities was used for all the different incident H-atom trajectory calculations. In Figure 1 , we have an amorphous water-ice slab at 10 K consisting of 1000 water molecules simulated using the above procedure.
Hydrogen Interaction with Water Surface
To simulate the interaction of atomic hydrogen with the ice surface, we use the interaction potential developed by Zhang et al. (1991) . Using open-shell Hartee Fock and fourthorder Møller-Plesset perturbation theory, Zhang et al. computed the ab initio potential energy surface of the rigid water molecule-atomic hydrogen system. The ab initio data were fitted to an LJ form given by
with the fit parameters given in Table 1 . The distance r in the LJ potential is the distance between the incident hydrogen atom and the oxygen atom. The coordinates θ and φ are the spherical angles of the incident hydrogen atom with respect to the water molecule, where the origin is at the oxygen atom and the polar axis coincides with the molecular symmetry axis. In the water molecule, the distance of the two H atoms is 0.9572 Å from the oxygen center with polar angles of θ = 127. 74 and φ = ±90
• . At the beginning of each trajectory, a hydrogen atom is placed at a height of 9 Å above the surface of the amorphous ice slab, where the surface normal is taken to be the z axis. The x and y coordinates of the H atom and its initial direction of motion are randomly chosen, and the magnitude of the initial velocity is set to correspond to the incident kinetic energy. Using the above H-H 2 O potential, the forces on the H atom due to the water molecules in the ice surface are calculated. These forces are then used to update the positions and velocities of the H atom and the water molecules using the Verlet algorithm. This process was repeated for hundreds of trajectories with different initial coordinates and initial H atom velocity directions. The kinetic energy of the H atom was varied from 10 K to 600 K while keeping the substrate temperature fixed at 10 K. To study the effects of the grain temperature on the sticking, the whole process was repeated for a substrate temperature of 70 K.
Sticking Probability
The sticking probability, P (E), is defined in this work as the ratio of the number of trajectories in which the hydrogen atom sticks on the surface to the total number of trajectories. A sticking event occurs when the H atom stops bouncing on the surface and remains stuck for the rest of the simulation. We have varied the length of the simulation time over the range 5 ps to 20 ps and observe that the sticking remains independent of simulation time. To study the effect of the integration time step on the sticking process, we varied this parameter from 0.01 fs to 1 fs. For time steps smaller than 0.5 fs, the trajectories are nearly identical, the sticking process is independent of time step, and the energy of the system is well-conserved. Hence, we used a time step of 0.5 fs for our simulations.
To find the sticking probability, we ran 200-400 trajectories (depending on the substrate temperature) for each kinetic energy, E, of the incident H atom on amorphous water-ice slabs at 10 K and 70 K. The sticking or scattering status for each of these trajectories was determined, and then we randomly sampled 50 events and calculated the sticking coefficient. This sampling process was repeated multiple times to get a mean and standard deviation for the sticking coefficient for each incident kinetic energy.
RESULTS
The dense, cold molecular clouds and the cold, neutral medium of the ISM have a temperature range from 10 K to 100 K, where one can find dust covered with layers of amorphous ice. Studies by Cuppen et al. (2010) and Cazaux et al. (2011) for sticking on graphite surfaces show significant sticking for intermediate gas temperatures as well. For the current study, we chose incident energies of the H atom in the range of 10 K to 600 K. The higher end of the incident energy was chosen to study the effect of large incident kinetic energy on sticking and also to compare with previous computational studies. The sticking probabilities obtained from the current simulations are shown in Figure 2 for the 10 K ice slab and Figure 3 for the 70 K ice slab. These plots also show results from previous computational studies. Figure 2 shows the sticking probability of atomic hydrogen as a function of incident kinetic energy for an amorphous H 2 O slab at 10 K. The sticking probability is 1.0 at very low incident kinetic energy (10 K), and then decreases, slowly at first, with increasing incident kinetic energy, approaching zero at the largest incident kinetic energy studied (600 K). These results differ significantly from those of some previous theoretical studies. The sticking probabilities predicted by are systematically lower than those predicted here and rapidly decrease with increasing incident kinetic energy. For example, at an incident energy of 300 K, the sticking probability predicted by is already well below 0.1, while a value of 0.4 is obtained from the current simulations. In the Masuda et al. (1998) study, there are fewer energies to compare and the predicted sticking in this case is systematically somewhat higher than our results even at energies of 350 K. However, our results agree fairly well with the Al-Halabi & van Dishoeck (2007) study, but the comparison is limited to only three data points. The study of Al-Halabi et al. (2002) , which was carried out on a crystalline ice slab rather than an amorphous ice, shows a similar sticking pattern when compared to the current study, though again the comparison is limited to only three data points.
Amorphous Water-ice Slab at 10 K

Amorphous Water-ice Slab at 70 K
To study the effect of grain temperature on sticking, we simulated atomic hydrogen incident on an amorphous water-ice slab at 70 K, and the results are shown in Figure 3 . The sticking probability for this system is 0.55 at low incident energy of the H atom (10 K) and decreases with increasing incident energy to 0.2 at 350 K. We did a calculation at one very high incident energy (600 K) and found a sticking probability of 0.05. The findings of Masuda et al. (1998) are nearly independent of slab temperatures; they are similar to their 10 K results, and therefore much larger than the current findings. The results of Al-Halabi et al. (2002) , while on crystalline ice, are very similar to the current amorphous ice probabilities.
Incident Angle of H Atom
To study the effect of the incident angle of an impinging hydrogen atom on the sticking probability, we systematically varied the angle from 5
• to 85
• . The angles were measured from the mean surface of the amorphous ice slab (i.e., normal incidence is at 90
• ), and for each incident angle 100 trajectories were simulated. The initial (x, y) coordinates of the H atom were selected randomly while keeping the incident kinetic energy and angle fixed. Figure 4 . shows the variation of the sticking probability with the angle of incidence. Three different H atom kinetic energies (100 K, 200 K, and 300 K) were considered, and in each case there appears to be a slight trend for the sticking to increase with incident angle. As expected, at grazing incidence (close to 0
• ), there is less probability of sticking compared to angles above 45
• , though the effect is small. Hence, we can conclude that the direction of the incident H atom only plays a minimal role in sticking. Nevertheless, all of our sticking probability calculations (except those in Figure 4 ) include a random sampling over a range of incident angles.
DISCUSSION
To explain the difference in the sticking probability on ice between the results of Masuda et al. (1998) and Al-Halabi et al. (2002) , the latter suggested that incorrect potential parameters were used by Masuda et al. (1998) resulting in higher sticking coefficients. To verify this, we adopted the same parameters used by Masuda et al. (1998) and were able to reproduce their results.
Following this, we used the corrected potential parameters given by Al-Halabi et al. (2002) for the current simulations. We found a somewhat higher sticking coefficient, compared to Al-Halabi & van Dishoeck (2007) , and their results were outside the uncertainty of our simulation results. The results (see Figure 3) for crystalline ice of Al-Halabi et al. (2002) are in agreement with the current calculation for amorphous ice at 70 K. The study used 115 water molecules to simulate an amorphous water-ice cluster, with fewer trajectories for each H atom incident kinetic energy. The incident H atom had fewer sites to stick to and less probability of penetrating the ice surface, which we observed to occur in our simulations. This might explain the lower sticking values predicted by their study compared to all other simulations. All of the previous studies only considered three to five incident H atom kinetic energies ( Figure 2) ; we considered a higher number of incident energies in the current study, up to 350 K (with a few results at higher energy).
In Figure 5 , the sticking coefficients, S(T ), from the present study are compared with the theoretical results by Hollenbach & Salpeter (1970) and the experimental data of Manico et al. (2001) and Watanabe et al. (2010) . S(T ) was obtained by integrating P (E) over a Maxwellian velocity distribution following the approach of for an ice slab of 10 K. The experiment by Manico et al. (2001) reports a parameter Γ, which is the fraction of H atoms that both stick on the surface and eventually form H 2 molecules and leave the surface (i.e., Γ = ηS(T ), where η is the probability that an H atom adsorbed on the surface will recombine with another H atom to form H 2 , also known as the recombination efficiency). The authors predicted a sticking probability of 0.4 for a gas temperature of 200 K and for a substrate at 10 K, by assuming the recombination efficiency to be one. Experiments by Perets et al. (2005) however, showed that the recombination efficiency strongly depends on surface temperature and varies from zero to one over a narrow range (10 K-14 K) . This means that the 0.4 estimated sticking probability is actually a lower limit, with an upper limit at one, depending on the recombination efficiency, η. The study , of H on 10 K amorphous water ice from the present study compared to the quantum model by Hollenbach & Salpeter (1970) and the experiments of Manico et al. (2001) and Watanabe et al. (2010) . Note that the experiments measured ηS(T ) and assumed a recombination efficiency, η, of 100%. Also plotted is a T −1/2 dependence, normalized to one at T = 10 K. The fit of current results using Equation (2) Eq. 2 with γ = (244 Κ)/Τ and prefactor 0.51 Figure 6 . Sticking coefficient, S(T ), of H on 70 K amorphous water ice and fit using Equation (2) with γ = (244 K)/T and a prefactor of 0.51. This is compared to T −1/2 normalized to one at 10K.
by Watanabe et al. (2010) obtained a sticking coefficient at 15 K and 20 K by assuming a sticking of unity at 8 K. Although they account for loss of H atoms by rapid recombination, they also indicate the possibility of H-atom loss by desorption from the amorphous ice surface. It should be noted that in both of these experimental studies, the sticking probability is estimated indirectly from the measured recombination energy of the H 2 molecule formed after the sticking process. The gas density in the ISM is very low even compared to laboratory vacuum conditions. Meanwhile, the experiments described above used a comparatively high density atom beam, which may lead to surface saturation. This effect may result in a reduced sticking coefficient compared to ISM-like conditions. Hollenbach & Salpeter (1970) , in a very general investigation on a crystalline surface, used a lower bound on the H-atom binding energy to predict the sticking coefficient. While most studies have shown that an amorphous ice surface has a slightly higher sticking coefficient than a crystalline surface (e.g., Al-Halabi & van Dishoeck (2007) ), the results by Hollenbach & Salpeter (1970) likely underestimate sticking when applied to interstellar conditions. The issues discussed in this paragraph and the last offer possible reasons why experiments report lower sticking coefficients than simulations and theoretical predictions.
The present computational study circumvents some of the theoretical and experimental problems by simulating the conditions in the ISM as closely as possible; i.e., by modeling an amorphous water-ice surface and impinging a single hydrogen atom on the surface. We have also addressed the issues with previous computational studies by correcting the potential parameters, simulating a larger number of trajectories for each incident kinetic energy to reduce statistical errors in estimating the sticking probabilities, and calculating sticking probabilities for a much larger set of incident kinetic energies to enable more precise Maxwellian integration in obtaining S(T ) from P (E).
However, two issues remain for further study. In all simulations that we are aware of to date, the TIP4P water potential was adopted. This is a flexible potential designed primarily for liquid water applications. A more recent potential constructed for solid ice may be more suitable (Abascal et al. 2005 ), but our preliminary results using the ice potential do not indicate a significant difference in the sticking. For the H-water interaction, a number of potentials have been published since that of Zhang et al. (1991) , which was adopted here and all other studies except that of Al-Halabi & van Dishoeck (2007) . In the latter study, which used the potential of Andersson et al. (2006) , no statistically significant difference was found for the 10 K ice slab compared to their earlier work using the Zhang et al. (1991) potential on amorphous ice. While this surprising result justifies the use of the Zhang et al. (1991) potential for the current work (see also Figure 2 ), further studies using the Andersson et al. (2006) and/or parameterizations of more recent H-water potentials (e.g., Dagdigian & Alexander 2013) as well as rigid water-water potentials are desirable.
To further aid in astrochemical modeling, we have computed S(T ) for the 70 K amorphous ice slab (see Figure 6 .) and obtained fits to both the 10 and 70 K ice cases. For the fitting, we have adopted the convenient relation obtained by Hollenbach & Salpeter (1970) , Equation (2), and find γ = (244 K)/T in both cases, but with the overall fit multiplied by pre-factors of 1.0 and 0.51 for 10 and 70 K ice, respectively. The fits, shown in Figures 5 and 6 , are both consistent with the data within the estimated uncertainty, and indeed the 10 K ice fit ( Figure 5 ) is excellent.
CONCLUSION
The sticking of hydrogen atoms on amorphous ice is an important process for understanding various gas-grain mechanisms in the ISM. This study provides predictions of sticking probabilities for a large number of initial kinetic energies of the H atom and thus gives us a better understanding of the relation between the sticking coefficient and gas temperature. The effect of grain temperature also gives us insight into how the distribution of dust temperatures will eventually effect the sticking probability in the ISM. These results are expected to improve the accuracy of modeling studies of the H 2 formation rate, as the sticking of H has been underestimated in previous work. We find the following relations for the sticking coefficient S(T gas , T ice ) = A(γ 2 + 0.8γ 3 )/(1 + 2.4γ + γ 2 + 0.8γ 3 ) where the coefficients are γ = 244/T gas and A = 1.0 and 0.51 for T ice = 10 K and 70 K, respectively, which can be used in astrophysical models and further studies involving the sticking of hydrogen on interstellar dust.
